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THE  COLUMBUS  LABORATORIES  of  Battellc  Memorial  Institute  comprise  the  original 
research  center  of  an  international  organization  devoted  to  research. 

The  Institute  is  frequently  described  as  a  “bridge”  between  science  and  industry  —  a  role  it 
has  performed  in  more  than  <10  countries.  As  an  independent  research  institute,  it  conducts 
research  encompassing  virtually  all  facets  of  science  and  its  application.  It  also  undertakes 
programs  in  fundamental  research  and  education. 

BattcUe-dolumbus  with  its  staff  of  3,000  —  serves  industry  and  government  through 
contract  research.  It  pursues: 

•  research  embracing  the  physical  and  life  sciences,  engineering,  and  selected  social 
sciences 

•  design  and  development  of  materials,  products,  processes,  and  systems 

•  information  analysis,  socioeconomic  and  technical  economic  studies,  and  manage¬ 
ment  planning  research. 
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llndciwalet  .ui'  wo  Id  ini*,  and  ox\  •on-  .11  r  cult  inf,  have  boon  used  in 
salvage  and  lepaii  operations  foi  many  years.  Then  processes  have  boon 
used,  however,  only  at  shallow  depths,  typically  less  than  100  foot. 

Before  extendin',  the  use  o(  ate  welding  and  cut  tin  to  significantly  greater 
depths,  t  !u  fensii  iitv  o',  these  pioec-si  s  at  the  pt  eater  depths  must  he 
known  and  potential  problem  areas  must  he  idem i lied. 

The  task  described  in  this  report  was  initiated  at  hattellc  by 
the  Navy  to  meet  these  requirements.  The  specific  objectives  ol  the  program 
were  to  determine: 

(1)  If  a  welding  and  cut  tine,  are  can  be  struck  and  maintained 
in  seawater  at  depths  exceeding  b00  feet. 

(2)  The  effect  of  voltage  drop  in  lone  cables  supp lying  the 
welding,  or  cutting  current. 

(3)  The  quality  oi  the  welds  and  cuts  made  at  thesi  depths. 

(41  Any  problems  related  to  the  use  ol  conventional  voiding 

cable  at  high,  pressures. 

In  the  experimental  work  that  was  conducted  in  the  task,  use  was 
made  ol  a  hyperbaric  chambei  simulating  as  closely  as  possible  actual  under¬ 
water  welding  and  cutting  operations  and  conditions.  Conventional  underwater 
welding  and  cutting  equipment  was  used. 

CONC1USIONS  ANP  urcovMi- NP.VV  IONS 

Results  of  this  program  show  that  underwater  welds  and  cuts  can 
he  made  at  extended  depths  by  shlelded-mct nl  are  welding  and  oxygen-arc 
cutting.  Weld  quality  was  poor  because  of  gross  weld  porosity; 
cut  quality  was  comparable  to  shallow-water  ruts.  Welds  were 
made  at  various  simulated  depths  to  1,200  feet  ami  cuts  were 
made  at  a  simulated  depth  of  h80  leet .  Standatd  equipment  normally 
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used  for  underwatei  veldin  and  co;  t  ini'  (power  supply,  cables,  and  electrode 
holder)  was  used  throughout  this  study.  This  equipment  performed  satisfactorily 
for  weldin’,  and  cutting  at  the  simulated  water  depths.  A  400- ampere  power 
source  was  used.  While  sufficient  for  this  program  because  of  the  short  arc 
times  involved,  a  large  1  power  source  should  be  used  for  on-site  operations. 

A  600- ampere  power  source  is  suggested.  The  amount  of  voltage  drop  in  1,200 
feet  of  cable  was  about  as  expected  and  should  not  cause  any  problems.  No 
detrimental  effects  of  pressure  on  the  we  1 dine,  cable  or  electrode  holder  were 
observed. 

Standard  commercial  underwater  welding  electrodes  were  used.  These 
were  AVIS  K-601T  electrodes  obtained  1  rom  the  Arc-air  Company  waterproofed  for 
underwatei  use.  Welds  made  underwater  with  these  electrodes  at  29S,  6S0  and 
1,200  feet  simulated  depths  had  excessive  porosity,  while  welds  made  at 
sea  level  pressure  (but  underwater)  were  sound.  Welding  with  reverse  polarity 
appeared  to  reduce  the  size  and  amount  of  porosity  although  sufficient  velds 
were  not  made  to  verify  this  performance.  The  cause  of  this  porosity  is  not 
known  although  it  probably  is  related  to  more  rapid  freezing  of  the  weld  metal 
at  the  greater  depths. 

Cuts  were  made  underwater  at  680  feet.  No  problems  were  encountered 
and  the  cutting  operation  performed  satisfactorily. 

The  results  of  this  study  indicate  that  arc  welds  and  oxvgen-arc 
cuts  can  be  made  underwater  at  extended  depths.  The  quality  of  the  welds 
made  at  these  depths  probably  will  be  much  poorer  than  similar  welds  made  at 
shallow  depths.  Some  improvement  in  weld  quality  might  be  achieved  through 
further  efforts  to  optimize  welding  operations.  It  is  expected,  though,  that 


t  lie  ability  li'  make  sound  we  Ids  will  be  achieved  onl\  through  1  he  development 


of  now  welding  electrodes  or  procedures.  The  direction  of  sticli  a  program 
cannot  be  stall'd  at  this  time  because  the  causes  of  the  poor  weld  quality 
are  not  known.  Therefore,  it  is  recomatended  that  a  program  be  initialed 
to  examine  the  behavior  of  the  welding  arc  and  gas  bubble  in  underwater 
welding  at  extended  depths.  This  program  also  should  include  a  more  thorough 
investigation  of  the  effects  on  weld  quality  of  variations  in  voiding  parameter 
and  the  use  of  other  welding  electrodes  having  different  flux  coating 
compositions  for  underwater  welding. 

EQUIPMENT  AND  TOOEIEC 

The  undervatet  welding  and  cutting  operations  were  conducted  in  a 
hyperbaric  chamber  18  inches  in  diameter  by  39  inches  long  (Figure  1).  This 
chamber  lias  a  maximum  pressure  rating  of  1000  psi .  The  chamber  is  equipped 
with  two  viewing  ports  located  at  approximately  the  1  o'clock  and  11  o'clock 
positions.  One  of  these  ports  is  visible  in  the  illustration. 

The  welding  torch  and  the  workpiece  were  mounted  on  a  fixture 
contained  within  the  chamber.  This  fixture  is  shown  in  Figures  2  and  3  and 
positioned  in  the  chamber  in  Figure  4.  The  workpiece  was  contained  within 
the  bucket  which  could  move  horizontally  on  the  fixture  track.  During  welding 
or  cutting,  tha  electrode  was  held  in  a  fixed  position  and  the  workpiece  moved 
horizontally  under  the  electrode.  The  electrode  was  held  in  a  commercial 
electrode  holder  which  could  move  vertically  as  the  cutting  or  welding 
electrode  melted.  Thus,  a  relatively  constant  arc  length  could  be  maintained 
between  the  end  of  the  electrode  and  the  workpiece. 
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Horizontal  movement  of  the  bucket  and  workpiece,  and  vertical 
movement  of  the  electrode  holder,  were  controlled  by  bell  crank-slide 
mechanisms  operated  by  rods  extending  through  the  chamber  walls.  Rotation 
of  these  rods  by  the  operator  imparted  horizontal  and  vertical  linear  motion 
respectively  to  the  bucket  and  electrode  holder.  The  control  rods  penetrated 
the  chamber  walls  through  rotating  pressure  seals. 

The  electrode  holder  used  in  these  studies  v.’as  an  Arcai  r  Underwater 
Torch  (Catalog  No.  14-050-101).  This  torch  can  be  used  for  both  welding  and 
cutting  underwater  and  accommodates  either  type  of  electrode. 

The  bottom  of  the  bucket  was  covered  with  a  1/4- inch- thick  layer 
of  asbestos  and  a  1/8-inch-thick  layer  of  sand  to  protect  the  bucket  bottom 
from  the  heat  of  the  welding  or  cutting  operation.  The  workpiece  was  mounted 
in  the  bucket  on  1-inch  legs.  Before  welding  or  cutting,  the  bucket  was 
filled  with  a  salt-water  solution  prepared  with  tap  water  and  Instant  Ocean 
salt  to  a  specific  gravity  of  1.02.  The  workpiece  was  about  2  inches  beneath 
the  surface  of  the  water.  Thus,  the  welding  or  cutting  was  performed  under¬ 
water  although  the  entire  electrode  and  the  electrode  holder  were  not  underwater. 
During  welding  and  cutting,  the  chamber  was  pressurized  with  nitrogen  to  a 
pressure  level  corresponding  to  the  desired  water  depth.  The  welding  or 
cutting  electrode  and  the  electrode  holder  were  under  pressure  throughout  the 
welding  or  cutting  operation. 

The  power  supply  was  a  commercial  400-ampcre  Lincoln  motor-generator. 

It  was  cornected  to  the  workpiece  and  electrode  holder  by  two  3/0  cables 
600- feet  long.  Cab" as  of  this  length  were  used  to  simulate  an  on-site 
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t*c]  i>  Ipmeti  t  set  up  wlii'U'  we  I  il  i  up,  and  cult  nip,  was  being  dune  in  600  lent  o  1  water. 
Tlie  cables  were  attached  to  electiiral  I  end- 1  !u  oup.lu:  in  the  rhambei  wall.  Slnnt 
(3  to  4  feet)  lengths  oi  cabin  led  from  the  lead- t h roughs  to  the  workpiece 
and  electrode  holdci  Inside  oi  the  chamber.  because  ol  lack  of  space,  the 
two  600- tool  lone,  cables  woio  colled  on  a  reel.  It  is  lealired  that  inductive 
losses  are  present  when  the  cable  is  coiled;  however,  tor  the  purpose  of  this 
program  this  was  not  considered  serious. 

Figure  shows  thi'  electrical  coniU'ctions  ol  the  equipment.  The 
location  of  the  meters  toi  me  asm  l  up;  voltage  and  current  also  are  shown . 

The  welding  and  cutting,  electrodes  that  were  used  weie  commercial 
electrodes  especially  designed  foi  underwater  use.  The  weldlnj’.  electrodes 
were  Arcair  underwatei  weld! up,  electrodes,  Catalog  No.  42-034-000,  3/l(>- 
inch  diamctei  by  14- inches  lonp,,  These  are  Ah'S  Class  N-6013  electrodes  purchasei 
by  Arcair  and  walerprooted.  The  cut  tin;;  electrodes  wen*  Arcair  underwater 
oxygen-arc  cutting  electrodes,  Catalop,  No.  42-059-001,  5/16- inch  diauietei  by 
14- inches  long.  , 

Oxygen  Is  required  in  the  cutting  operation.  It  flows  through  the 
hollow  cutting  electrode  t o  burn  away  the  metal  heated  by  the  arc.  The 
oxygen  was  fed  from  tanks  through  a  stainless  steel  tube  through  a  pressure 
fitting  in  the  chamber  wall.  The  oxygen  hose  ol  the  torch  was  connected  to 
the  pressure  iitt ing  inside  ot  the  tank.  The  oxygon  pressure  that  was  used 
was  the  chamber  pressure  plus  30  psi.  The  stainless  steel  tube  was  required 
between  the  oxygen  tank  and  chamber  since  this  line  would  he  under  the  full 
pressure.  A  hose  would  not  he  strong  enough  to  contain  the  full  pressure.  A 
hose  was  used  inside  the  tank  since  the  pressure  diifeiential  in  this  hose 


1 1 


would  be  only  30  psi.  A  0-1200  psi  pressure  regulator  was  used  to  control  the 
oxygen  pressure.  A  relief  valve,  mounted  on  the  chamber,  prevented  excessive 
buildup  of  pressure  in  the  chamber  during  cutting. 

UKDHKV.'ATl.U  SHTKLDKi)  K!TAI-A1U:  WKLDIKC 

The  primary  goal  of  the  investigations  conducted  in  this  portion  of 
the  program  was  to  determine  the  feasibility  of  striking  and  maintaining  the 
welding  arc.  In  addition,  welding  parameters  were  determined  that  could  be 
usable  at  the  extended  depths,  the  weld  quality  was  evaluated,  the  amount 
of  hydrogen  in  the  gas  effluent  was  determined,  and  the  voltage  drop  in  the 
welding  cables  was  measured. 


V.Y  IQlng  Procedn  res 

The  welding  procedures  that  were  used  simulated  conventional 
underwater  welding  techniques  as  closely  as  possible.  Conventionally,  the 
diver-welder  does  not  attempt  to  hold  a  given  arc  length  when  welding  underwater. 
Instead,  the  "self-consuming"  technique  is  utilized  wherein  the  diver  holds 
the  end  of  the  electrode  in  contact  with  the  workpiece  at  an  angle  of  15  to 
45  degrees.  He  applies  enough  pressure  to  feed  the  electrode  toward  the 
workpiece  as  the  electrode  melts  off.  The  electrode  is  not  moved  along  the 
joint  although  the  arc  moves  along  the  joint  as  the  electrode  is  consumed 
because  the  electrode  is  held  at  an  angle  to  the  workpiece. 

A  similar  technique  was  used  in  the  chamber  welds.  The  electrode 


was  bent  so  that  it  formed  an  angle  of  about  30  degrees  to  the  workpiece 
(see  Figure  3).  The  workpiece  was  stationary  during  welding;  it  was  not 


moved  horizontally.  To  start  t he  weld,  the  operator  moved  the  electrode  down 
vertically  until  contact  was  made  between  t lie  end  of  the  electrode  and  the 
workpiece.  An  arc  was  established  when  this  contact  was  made.  The  operator 
proceeded  to  weld  by  maintaining  a  constant  pressure  on  the  electrode  as  it 
was  consumed.  The  only  movement  involved  was  the  vertical  down  motion  of 
the  electrode  holder  as  the  elect i ode  was  consumed.  When  t  lie  elect  rode  melted 
to  within  six  inches  of  the  electrode  holder,  the  power  supply  was  turned 
off  and  the  electrode  holder  was  retracted. 

Ail  welds  weie  head-on- p 1  at e  welds;  no  groove  welds  were  made.  The 
bead-on-plate  welds  are  easier  to  produce  and  for  a  feasibility  study  provide 
sat  i  sfactory  rcstil  I  s. 

Prior  to  welding,  the  chamber  was  pressurized  with  nitrogen  to  the 
desired  equivalent  depth.  A  new  solution  of  simulated  sea  water  was  used 
for  each  test  weld.  The  buildup  of  foreign  material  in  the  water  was  quite 
rapid  during  welding  and  the  frequent  water  changes  were  necessary  to  keep 
the  amount  of  foreign  material  to  a  reasonable  level.  This  foreign  material 
is  a  product  of  the  breakdown  of  the  electrode  flux  covering  during  welding. 

Welding  Studios 

Initial  welds  were  made  underwater  at  atmospheric  pressure.  These 
welds  were  made  to  establish  welding  techniques,  check  out  the  operation  of 
the  equipment,  and  to  determine  base  welding  parameters.  These  welds  also 


formed  a  basts  of  comparison  for  the  welds  made  at  high  pressures. 


The  optimum  welding  conditions  developed  with  these  initial  welds 

we  re : 

Welding  current,  amps  223 

Polarity  straight  (electrode  negative) 

Arc  voltage,  volts  27 

Voltage  at  power  supply,  volts  45 

Open- circuit  voltage,  volts  90 

Welding  speed,  ipm  8  -  10 

The  welding  parameters  were  measured  by  the  meters  shown  schematically  in 

Figure  5. 

The  welds  that  were  made  had  a  good  head  contour  and  were 
relatively  smooth.  Welds  made  at  higher  currents  (up  to  243  amperes)  were 
undercut  along  the  weld  bead  edges.  Sections  taken  oi  these  welds  showed 
that  the  welds  were  sound  with  no  porosity  or  slag  inclusions. 

A  series  of  welds  were  made  at  pressures  corresponding  to  depths 
of  295  feet  (130  psig) ,  680  feet  (3(10  psig),  and  1200  loot  (530  psig). 

Welding  parameters  were  adjusted  as  necessary  to  produce  a  weld  at  these 
depths.  No  attempt  was  made  to  optimize  the  welding  parameters  although 
some  changes  were  made  to  improve  the  wold  head  contour.  However,  the 
parameters  selected  could  he  used  for  on-site  welding  although  further 
refinement  would  he  desirable. 

The  range  of  welding  parameters  that  were  used  is  shown  in  Table  1. 
Most  of  the  experimental  wolds  were  made  at  680  feet  simulated  depth.  The 
welds  at  295  and  1200  feet  were  made  to  observe  what  changes,  if  any,  occurred 
as  a  function  of  pressure.  Welds  were  made  with  both  straight  and  reverse 
polarity.  Straight  polarity  normally  is  used  for  underwater  arc  welding  to 
prevent  electrolytic  attack  on  the  metal  components  of  the  electrode  holder. 
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Rpverst  polarity  was  investigated  also  to  sec*  if  the  different  heat  balance 
present  with  reverse  polarity  would  have  any  effect  on  the  welds. 

Welds  made  at  a  simulated  depth  of  680  feet  are  shown  in  Figure  6. 
Photomaerographs  of  sections  of  these  wolds  are  in  Figure  7. 

The  welds  are  extremely  porous.  Similar  degrees  of  porosity  were 
also  present  in  the  welds  made  at  2*15  and  1200  feet.  As  mentioned  earlier 
in  the  report,  the  welds  made  underwater  but  at  atmospheric  pressure  were 
sound  with  no  evidence  of  porosity.  Therefore,  the  porosity  can  be  attributed 
to  some  effect  caused  by  t lie  increase  of  pressure. 

At  high  pressures,  the  size  of  the  gas  bubble  generated  from  the 
electrode  covering  will  be  reduced  significantly.  The  volume  of  a  given 
weight  of  gas  is  directly  related  to  the  pressure  of  the  gas.  At  a  depth  of 
680  feet,  the  pressure  on  the  gas  is  approximately  20  times  the  pressure  at 
sea  level.  Therefore,  the  volume  of  a  given  weight  of  gas  at  680  feet  would  be 
1/20  the  volume  of  the  same  weight  of  gas  at  sea  level.  If  the  volume  of 
the  gas  bubble  is  reduced  1 / 2 0 1 h ,  the  surrounding  water  will  contact  the 
weld  metal  much  closer  to  the  arc  than  at  sea  level.  This  will  further 
increase  an  already  fast  cooling  and  freezing  rate  of  the  molten  weld  metal. 

The  fast  freezing  rate  can  have  two  effects.  First,  gas  bubbles  in  the  molten 
weld  metal  will  be  trapped  before  tbo  bubbles  can  reach  the  surface  and 
dissipate.  Second,  there  will  he  much  less  time  for  deoxidizing  agents  in 
the  electrode  covering  to  react  with  gases  that  may  he  dissolved  in  the  metal 
being  welded.  The  gases  were  originally  dissolved  in  the  base  metal  when  it 
was  made  in  the  steel  mill.  To  produce  a  sound  weld  in  such  steels,  the 
electrode  covering,  contains  deoxidizers  that  react  with  the  dissolved  gases 
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B.  Reverse  Polarity 


FIGURE  6.  UNDERWATER  ARC  WEEDS  MADE  AT  A  SIMULATED 
DEPTH  OF  680  FEET. 


I 

I 

I 


Reverse  Polarity 


FIGURE  7. 


CROSS  SECTIONS  OF  UNDERWATER  ARC  WELDS  MADE  AT 
A  SIMULATED  DEPTH  OF  680  FEET. 
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to  form  compounds  thaL  float  to  the  surface  of  the  molten  weld  metal.  If  the 
reaction  time  is  too  short,  the  compounds  will  not  form  and  the  dissolved 
gases  will  form  bubbles  or  porosity  in  the  weld  metal. 

The  heat  of  the  underwater  welding  arc  forms  steam  in  the  gaseous 
atmosphere  immediately  surrounding  the  arc.  Some  breakdown  of  the  steam  into 
hydrogen  and  oxygen  will  occur  in  the  arc.  The  closer  proximity  of  the  water 
to  the  arc  at  the  higher  pressures  probably  results  in  the  formation  of  greater 
amounts  of  oxygen  and  hydrogen  in  the  arc  atmosphere.  Large  quantities  of 
oxygen  in  the  arc  atmosphere  will  cause  porosity. 

It  is  quite  possible  that  the  porosity  in  these  experimental  welds 
is  a  result  of  all  of  these  factors  in  combination.  A  suggested  solution 
to  this  problem  is  the  development  of  an  electrode  that  will  produce 
larger  quantities  of  gas  to  provide  a  larger  gas  bubble.  Supplementary  devices 
for  keeping  the  water  farther  from  the  arc  also  might  help  to  alleviate  the 
porosity  problem. 

The  welds  made  with  reverse  polarity  generally  were  wider  and 
shallower  and  the  weld  surface  was  smoother  than  welds  made  with  straight 
polarity.  This  was  true  for  the  welds  made  at  all  three  depth  levels.  This 
behavior  can  be  noted  in  the  illustrations  of  the  680- foot  welds  in  Figures 
6  and  7.  In  conventional  metal-arc  welds  (made  in  air  at  atmospheric  pressure), 
reverse  polarity  normally  produces  deeper  welds  than  docs  straight  polarity. 
Therefore,  the  increased  pressures  appear  to  cause  a  reversal  of  this  behavior. 
Since  the  welding  arc  could  not  be  observed  closely  in  these  studies,  no 
explanation  for  this  behavior  can  be  provided. 
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The  size,  shape,  and  quantity  of  porosity  varies  depending  on  the 
polarit>.  Porosity  in  the  wide,  shallow  reverse- polar ity  welds  is  finer  and 
the  individual  pores  are  more  circular  than  in  the  deeper  straight-polarity 
welds.  The  gas  hubbies  have  less  distance  to  travel  to  reach  the  surface  of 
the  reverse  polarity  welds.  Thus,  more  of  the  gas  bubbles  can  dissipate 
before  freezing  with  reverse  polarity.  Also,  more  base  metal  is  melted  with 
straight  polarity.  If  the  porosity  source  is  the  gas  dissolved  in  the  base 
metal,  there  is  a  larger  source  of  gas  with  straight  polarity  than  with 
reverse  polarity. 

The  strengths  and  ductilities  of  underwater  welds  are  lower  than 
welds  made  in  air  even  when  the  welds  are  sound.  The  very  porous  welds  made 
at  the  extended  depths  would  have  even  poorer  mechanical  properties.  There¬ 
fore,  although  arc  welds  could  be  made  in  295,  G80,  and  1,200  feet  of  water, 
the  strengths  of  these  welds  would  he  expected  to  be  very  low.  It  is  doubtful 
that  these  welds  would  be  leak  free,  since  the  pores  in  the  welds  could 
provide  leakage  paths. 

No  effort  was  made  to  optimize  welding  parameters.  However,  some 
changes  in  weld  head  shape  were  noted  with  changes  in  the  welding  parameter. 

At  680  feet,  the  smoothest  bead  surface  was  obtained  at  around  320  amperes 
and  30-32  arc  volts.  At  lower  currents  and  voltages,  the  velds  were 
narrower  and  more  humped.  At  higher  currents  and  voltages,  the  weld  widths 
were  about  the  same  but  the  surface  became  rougher.  All  straight  polarity 
welds  were  severly  humped  and  changes  in  the  current  and  arc  voltage  did  not 
seem  to  have  any  effect.  The  angle  of  the  electrode  with  the  plate  surface 
was  not  varied  although  changes  in  this  angle  would  be  expected  to  have  some 
effect  on  the  weld  shape. 
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Vo  1 1  Drop  in  I  Is.  \ •  1  «J  i  i ; ; •  1‘owo  i Cub  lj-s 

The  voltage  drop  in  the  welding  power  cables  was  measured  while 
weld  lilt',  underwater  at  all  'Spheric  pressure  and  at  simulated  depths  of  680  and 
1,200  feet.  The  volta  a  dm  in,;  welling  war.  measured  at  tit:  terminals  of  the 
welding  power  supply  and  at  the  cable  attachments  in  the  pressure  vessel  walls 
as  shown  in  Figure  r> .  The  difference  in  these  readings  is  the-  voltage  drop 
in  the  1,200  feet  of  welding  power  cable  (000  loot  of  electrode  cable  and 
600  feet  ol  ground  cable).  These  measurements  were  not  exact  because: 

(1)  During  welding  the  voltages  are  not  constant  but  fluctuate 

rapidly.  Thus,  an  exact  value  cannot  he  toad  from  the  meter 
and  only  an  approximate  value  can  he  recorded. 

(?)  Since  the  cables  wei u  coiled  due  to  lack  of  space,  there  would 
be  a  voltage  drop  in  the  cables  from  the  inductive  field  in  the 
coiled  cable.  This  is  in  addition  to  the  voltage  drop  from 
electrical  resistance.  The  measured  voltage  drop  is  the  sum 
of  the  inductive  and  resistance  losses. 

The  voltage  drops  in  the  cables  also  were  calculated  using  the  plot 
of  voltage  drop  versus  current  contained  in  the  H.S.  Navy  Underwater  Cutting 
and  Welding  Manual.  The  measured  and  calculated  voltage  drops  are  listed  in 
Table  2.  The  measured  voltage  drop  was  about  3  or  3-1/2  volts  higher  than  the 
calculated  voltage  drop.  This  difference  is  the  added  voltage  drop  due  to  the 
inductive  field  in  the  coiled  cable. 

The  voltage  drop  at  1,200  feet  was  the  same  as  the  600- foot  voltage 
drop  since  the  same  length  of  cable  was  used  for  both  sets  of  experimental 
welds.  The  voltage  drop  at  680  feet  was  higher  than  at  sea  level  since  higher 
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welding  currents  were  being  used  at  680  feet.  The  higher  current  heats 
the  cable  and  increases  the  cable  resistance.  As  a  result,  the  resistance 
voltage  drop  in  the  cable  is  greater.  In  actual  underwater  welding,  the  cable 
would  be  in  the  water.  The  cooling  effect  of  the  water  might  lessen  the  rise 
of  cable  temperature  and  the  accompanying  increase  in  cable  voltage  drop. 

Gas  Anal  v  si;; 

The  gas  bubbles  evolved  during  welding  were  analyzed  for  oxygen 
and  hydrogen  to  ascertain  if  a  buildup  of  these  gas  bubbles  could  constitute 
an  explosive  safety  hazard.  An  underwater  weld  was  made  in  the  nitrogen- filled 
chamber  at  atmospheric  pressure.  The  chamber  w as  pury.ee!  with  nitrogen  for 
15  minutes  prior  to  welding.  A  sample  of  gas  taken  from  the  chamber  after  the 
weld  was  completed  was  analyzed  by  mass  spectroscopy.  The  results  were: 
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0.06 
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0. 10 

0.34 

1.23 

0.03 

Since  the  chamber  was  filled  with  nitrogen  prior  to  welding,  the  samples  had 
a  high  nitrogen  content.  The  oxygen,  hydrogen,  and  carbon  dioxide  in  the 
sample  were  evolved  during  welding.  Some  additional  atmospheric  oxygen 
probably  remained  in  the  chamber  in  spite  of  the  15-minute  nitrogen  purge. 

In  this  analysis,  the  relative  amounts  of  oxygen  and  hydrogen  are 


the  primary  interest.  If  it  is  assumed  that  all  of  the  oxygen. was  evolved 
during  welding,  then  the  oxygen  and  hydrogen  contents  of  the  sample  would  be 


the  contents  ol  tho  welding  jjas  bubble.  Tho  rolat  i  vo  amounts  ol  oxygon  ami 
hydtogen  in  tho  gas  hu!'f>lo  \.vio: 
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Si  not."  the  explosive  limits  tot  hydrogen  in  oxygon  ate  1 1  om  4  to  l)4  percent, 
a  t;fis  bubble  having  thoso  amounts  ol  hydrogen  uml  oxygen  would  ho  in  c.xplo.xi 
in  L  K  t  u  i  t- .  A  build-up  t>  t  gas  bubbles  being  ovolvod  trout  underwalot  aio  veldin 
t  boro  loro  would  cun.it  itute  an  exp  I  ns  i  vo  h.r.anl. 

iixm:nK,vm:  oxvt:1  d^-Aiv  tr  it  i  no 

The  undeivatci  oxygen-arc  outline,  studies  woto  inado  to  determine 
if  t  lie  oxygon-arc  cutting  process  would  ho  unable  a!  extended  depths.  As 
with  the  welding  studies,  cutting  parametcis  were  measured  and  gas  analytics 
were  made. 

Cu  t  t  i  ng  Precede  t  c  s 

In  general,  cutting,  procedures  were  similar  to  the  welding, 
procedures.  Some  changes  in  technique  vote  required,  however,  because 
of  differences  in  the  two  processes. 

The  cutting  electrode  was  positioned  vertical  t  o  the  workpiece 
instead  of  being  angled  as  in  welding.  To  make  the  cut,  two  simultaneous 


movement  were  rcqulicd:  veil  it.it  movement  t  tin-  torch  to  i  ompciisat  e  loi 
tile  l'ii  l»i—  v>  t  i  o  t  1 1  if  i!  t  ec  t  rodi  anil  hoi  izontal  movement  ol  tlu-  woiUpieci  uinloi 


tin-  elect  tode.  Tlu-  m-  I  1  -  con-mmi  in;  technique  if.  not  usi  it  in  oxy  i-.in- ai  i- 
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ari-  was  i-f.  t  ah  I  i  f.ln-il ,  the  cult  tug,  oxygen  was  turned  on.  As  soon  as  the  ['late 
was  pierced,  horizontal  movement  ot  tin-  plate  was  begun.  The  opetntot  simulta¬ 
neous  ly  moved  the  eleelio.le  vertically  down  to  maintain  the  cut  tine,  are. 

Cuts  wore  mule  in  in  ltd  steel  plate  1/4- inch  anil  1/1’- inch  thick. 

Cuts  vote  made  mule  t  v.-at  e  i  at  atmospheric  pressure  and  at  TOO  psi  (simulated 
depth  ot  680  feet).  Prior  to  outline,,  the  ehamhei  was  purged  with  nitrogen 
for  l‘>  minutes  and  then  pressurized.  The  test  plates  were  immersed  in  sea 
water  as  in  the  welding  studies. 

Cut t  i no  St  ud i es 
_ _ _ _ _ — - - 

The  initial  underwater  ents  were  made  at  atmospheric  pressure. 

The  parameters  used  lor  these  ents  were  for  a  comparison  with  those  developed 
at  680  feet .  The  parameters  are  listed  in  Table  3.  The  only  change  required 
in  going  from  sea  level  t o  680  teei  was  an  increase  in  oxygen  pleasure  from 
40  psi  to  330  psi.  This  increase  was  necessary  to  compensate  for  the  prossme 
at  680  lent  (300  psi).  Satisfactory  operat ion  was  obtained  at  both  sea  level 


and  680  feet. 


A  typical  cut  made  in  the  1/4- Inch  plate  it:  shown  in  figure  ft. 


Cut  quality  and  appearance  wen-  the  same  at  both  depths. 

Cuts  also  were  made  in  1/2- inch- thick  steel  at  680  feet.  An  increase 
in  cutting  current  of  20  amperes  and  a  decrease  in  cutting  speed  to  8  i pm 
was  necessary.  0th  Twist,  the  cutting  parameters  were  l.he  same.  The  1/2-inch- 
thick  plate  was  more  diflicult  to  cut'  than  the  1/4-inch-thick  plate.  This  was 
due  chiefly  to  problems  related  to  manipulating  the  electrode  and  plate.  The 
operator  could  not  observe  the  cutting  operation  closely  so  it  was  difficult 
to  tell  whether  the  plate  was  being  moved  at  the  correct  speed.  Maintaining 
the  proper  arc  length  also  was  difficult.  Some  improvement  was  gained  by  using 
reverse  polarity.  More  heat  is  generated  in  the  plate  with  reverse  polarity 
than  with  straight  polarity  so  it  is  easier  to  maintain  the  cutting  action. 

In  spite  of  these  difficulties,  however,  t ho  feasibility  of  arc  cutting,  both 
1/4  and  1 /2- inch- thick  steel  at  680  feel  was  demonstrated. 

The  widths  of  the  cuts  in  both  1/4  and  1 /2- inch- thick  plate  were 
3/8  to  1/2  inch.  The  rate  of  electrode  consumption  was  about  6-1/2  inches  of 
electrode  per  foot  of  cut  for  1/4-inch-thick  plate  and  1ft  inches  of  electrode 
per  foot  of  cut  for  1/2- inch- thick  plate. 

Gas  Analysis 

Samples  of  the  chamber  gas  were  analyzed  for  oxygen  and  hydrogen  in 


the  same  manner  as  during  the  welding  studies.  The  relative  percentages  of 
oxygen  and  hydrogen  for  four  samples  were: 
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However , 

relative  oxvgen  content  will  depend  on  tin  oxygen  pi ensure  used  ami  I  he 
e  f  f  ic  iency  of  the  cut  tiny,  action.  Variations  in  hydrogen  content  would  bo 
expected  also.  The  relat  ive  amounts  of  and  hydro  -on  could  ho  expected 

to  vary  by  n  few  percent  and  the  hydtop.cn  content  could  easily  increase  above 
the  lowei  limit  o  i  4  percent.  Therefore,  underwater  mo  cut  line,  should  never 
be  conducted  in  a  confined  area  where  the  outline,  panes  could  be  trapped. 


Kxper  intent  a  1  data  are  recorded  in  bat  telle  Laboratory  Record  book 


No.  26954,  pp  1-46. 


